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(57) Abstract: The present invention pertains to a method of converting cellulose to glucose by treating a pretreated lignocellulosic 
substrate with an enzyme mixture comprising cellulase enzyme and a modified CBHI, wherein the modified CBHI is present in the 
enzyme mixture at an amount relative to all CBHI-type enzymes from about 15% to about 100% (w/w), dpending upon the modified 
CBHI used. The pretreated lignocellulosic substrate is selected from the group consisting of agricultural residues, residues after 
starch or sugar removal, dedicated ethanol crops, forestry products, and pulp and paper products, or combinations thereof. 
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Method for Glucose Production with Improved Recovery 

and Reuse of Enzyme 

The present invention relates to the enzymatic conversion of cellulose to glucose. 
More specifically, the present invention provides a method for the conversion of 
pretreated lignocellulosic substrates using modified CBHI protein, and the recovery and 
reuse of the modified CBHI protein. 

BACKGROUND OF THE INVENTION 

Cellulose is one of the most abundant polymers found in nature and consists of 
glucose units connected by beta 1,4 linkages. The beta 1,4 linkages which connect 
individual glucose units are not easily degraded or depolymerized. However, there exists 
a variety of cellulase enzymes which are capable of enzymatically hydrolysing cellulose. 

Cellulases are enzymes produced by a number of microorganisms which catalyse 
the hydrolysis of cellulose to products such as glucose, cellobiose, and other 
cellooligosaccharides. Cellulase is usually a generic term denoting a multienzyme 
mixture comprising exo-cellobiohydrolases (CBH), endoglucanases (EG) and p- 
glucosidases. Cellulase produced by the filamentous fungi Trichoderma longibrachiatum 
comprises at least two cellobiohydrolase enzymes termed CBHI and CBHII and at least 
4 EG enzymes. 

Cellulase enzymes work synergistically to degrade cellulose to glucose. CBHI and 
CBHII generally act on the ends of the glucose polymers in cellulose microfibrils 
liberating cellobiose (Teeri and Koivula, 1995) while the endoglucanases act at random 
locations on the cellulose. Together these enzymes hydrolyse cellulose to smaller cello- 
oligosaccharides such as cellobiose. Cellobiose is hydrolysed to glucose by (3- 
glucosidase. 
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The genes encoding CBHI, CBH E (Shoemaker et al., 1983; Teeri et al., 1987), 
EG I and EG II (Penttila et al., 1986; Saloheimo et al., 1988) have been cloned and 
isolated from filamentous fungi such as T. reesei and T. longibrachiatum. CBHI, CBH 
IE and most of the major EG enzymes comprise a catalytic core domain and a cellulose 
binding domain (CBD) separated by a flexible linker region. The cellulose binding 
domain (CBD) promotes adsorption of the enzyme to regions of the cellulosic substrate 
(Tomme et al., 1988; Gilkes et al, 1992), while the core domain is responsible for 
catalysing the cleavage of cellulose. The linker region may ensure an optimal interdomain 
distance between the core domain and the cellulose binding domain (Teeri et al., 1992). 

Proteins consisting of either the isolated CBD or the core protein have been 
produced and studied. Core proteins of CBHI are also found in amounts of less than 
about 10 % in cellulase mixtures obtained from natural sources (Suurnakki et al, 1998). 
Studies on the isolated fungal catalytic domain (core protein) suggest that this protein is 
capable of binding to cellulose although with reduced affinity compared to the native 
(holo) protein (Tomme et al., 1988). The strong binding imparted to cellulases by its 
CBD suggests that the adsorption of several cellulases to cellulose is essentially 
irreversible (Beldman et al., 1987; Kyriacou et al., 1989) 

CBHIcore protein from Trichoderma reesei does not bind as tightly to cellulose 
as CBHI. The CBHI core protein is fully active against small soluble substrates such as 
the chromophoric glycosides derived from the cellodextrins and lactose. However, its 
activity against an insoluble cellulosic substrates such as Avicel (a crystalline type of 
cellulose) is greatly reduced compared to CBHI (Van Tilbeurgh et al., 1986). Van 
Tilbeurgh showed that CBHI-core was less than 1% as active as CBHI. This was 
attributed to the fact that 88% of the CBHI adsorbed to the cellulose versus only 36% of 
the CBHI-core protein. Kim et al., (1997) examined the absorption and activities of 
CBHI, CBHI core and other protein mixtures on Avicel. They disclose that CBHI core 
produced less than 1/4 the amount of reducing sugar from Avicel than CBHI. The higher 
rate of hydrolysis by CBHI was attributed to its better binding. Nidetsky et al. (1994) 
observed similar trends between CBHI-core and CBHI. Over 80% of the CBHI adsorbed 
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to cellulose filter paper, compared with only 40% of CBHI-core. The rate of hydrolysis 
of the core and CBHI were directly proportional to the amount of adsorbed protein, with 
CBHI being more than twice as active as CBHI-core. These studies indicate that there 
is no advantage in using CBHI-core rather than CBHI for cellulose hydrolysis, since the 
activity of CBHI-core against crystalline cellulose is much slower than CBHI 

The conversion of cellulose from cellulosic material into glucose is important in 
many industrial processes, such as the byconversion of cellulose to fuel ethanol. 
Unfortunately, cellulose contained in most plant matter is not readily convertible to 
glucose, and this step represents a major hurdle in the commercialization of such a 
process. The efficient conversion of cellulose from cellulosic material into glucose was 
originally thought to involve liberating cellulose and hemicellulose from their complex 
with lignin. However, more recent processes focus on increasing the accessibility to 
cellulose within the lignocellulosic biomass followed by depolymerization of cellulose 
carbohydrate polymers to glucose. Increasing the accessibility to cellulose is most often 
accomplished by pretreating the cellulosic substrate. 

The goal of most pretreatment methods is to deliver a sufficient combination of 
mechanical and chemical action, so as to disrupt the fiber structure and improve the 
accessibility of the feedstock to cellulase enzymes. Mechanical action typically includes 
the use of pressure, grinding, milling, agitation, shredding, compression/expansion, or 
other types of mechanical action. Chemical action typically includes the use of heat 
(often steam), acid, and solvents. For example, one of the leading approaches to 
pretreatment is by steam explosion, using the process conditions described in (U.S. 
4,461,648) and also in Foody et al., 1980), both of which are incorporated herein by 
reference). In this process, lignocellulosic biomass is loaded into a steam gun and up to 
5% acid is optionally added to the biomass in the steam gun or in a presoak prior to 
loading the steam gun. The steam gun is then filled very quickly with steam and held at 
high pressure for a set length of cooking time. Once the cooking time elapses, the vessel 
is depressurized rapidly to expel the pretreated biomass. 
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Another approach described in U.S. 4,237,226, discloses the pretreatment of oak, 
newsprint, poplar, and corn stover by a continuous plug-flow reactor, a device that is 
similar to an extruder. Rotating screws convey a feedstock slurry through a small orifice, 
where mechanical and chemical action break down the fibers. 



Pretreatment has been suggested to enhance delignification of the cellulosic 
substrate (Fan et al., 1981), create micropores by the removal of the hemicellulose, 
change the crystallinity of the substrate, and reduce the degree of polymerization of the 
cellulose (Knappert et al., 1980) and increase the surface area of the cellulosic substrate 
(Grethlein and Converse, 1991; Grohman et al., 1985). 

Unfortunately, to date the approach of a pretreatment coupled with enzyme 
hydrolysis has not been able to produce glucose at a sufficiently low cost, so as to make 
the conversion of cellulose to ethanol commercially attractive. Even with the most 
efficient of the currently known pretreatment processes, the amount of cellulase enzyme 
required to convert cellulose to glucose is high and this represents a significant cost in 
ethanol production. The option of adding less cellulase to the system usually decreases 
the amount of glucose produced to an unacceptable extent. The approach of decreasing 
the amount of enzyme required by increasing the length of time that the enzyme acts on 
the cellulose leads to uneconomical process productivity, stemming from the high cost 
associated with retaining the enzymatic mixtures in hydrolysis tanks. 

Thus there is a need within the art to identify new methods which enhance the 
conversion of cellulose within a cellulosic substrate to glucose. Further there is a need 
in the art to identify enzymes or mixtures of enzymes which enhance the conversion of 
cellulose to glucose and which are recoverable, recyclable, and reusable. 

It is an object of the present invention to overcome drawbacks of the prior art. 

The above object is met by a combination of the features of the main claims. The 
sub claims disclose further advantageous embodiments of the invention. 
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SUMMARY OF THE INVENTION 

The present invention relates to the enzymatic conversion of cellulose to glucose. 

According to the present invention, there is provided a method of converting 
cellulose to glucose comprising; treating apretreated lignocellulosic cellulosic substrate 
with an enzyme mixture comprising cellulase enzyme and a modified CBHI, wherein the 
modified CBHI is present in said enzyme mixture at an amount relative to all CBHI-type 
enzyme of from about 55 to about 100%. Preferably, the amount of modified CBHI in 
the enzyme mixture is from about 70 to about 100%. More preferably, the amount of 
modified CBHI in the enzyme mixture is from about 80 to about 100%. Furthermore, 
this invention pertains to the above method wherein the modified CBHI is recovered 
following the step of treating. This invention also pertains to the above method wherein 
the modified CBHI is selected from CBHI core, CBHI core plus linker and CBHI with 
inactivated cellulose binding domain. Also, the present invention relates to the above 
method wherein the pretreated lignocellulosic substrate is pretreated using an acid steam 
cook. 

This invention also pertains to a method of converting cellulose within a 
cellulosic substrate into glucose comprising; treating apretreated lignocellulosic substrate 
with an enzyme mixture comprising CBHI, CBHII, EG I,EG II, p-glucosidase and 
modified CBHI, wherein the modified CBHI is present in said enzyme mixture at an 
amount relative to all CBHI-type enzyme of from about 55 to about 100%. Preferably, 
the amount of modified CBHI in the enzyme mixture is from about 70 to about 100%. 
More preferably, the amount of modifed CBHI in the enzyme mixture is from about 80 
to about 100%. Furthermore, this invention pertain to the above method wherein the 
modified CBHI is recovered following the step of treating. This invention also pertains 
to the method as just described wherein the modified CBHI is selected from CBHI core, 
CBHI core plus linker and CBHI with inactivated cellulose binding domain. 



WO 02/24882 



PCT/CA01/01355 



-6- 

The present invention embraces methods as defined above wherein the pretreated 
lignocellulosic substrate is selected from the group consisting of agricultural residues, 
residues after starch or sugar removal, dedicated ethanol crops, forestry products, and 
pulp and paper products or combinations thereof. Preferably, the agricultural residues 
are selected from the group consisting of com stover, wheat straw, barley straw; soybean 
stover; the residues after starch or sugar removal are selected from the group consisting 
of oat hulls, rice hulls, sugar cane bagasse, and com fibre; the dedicated ethanol crops are 
selected from the group consisting of switch grass, miscanthus, cord grass, and rye grass; 
the forestry products are selected from the group consisting of hardwood, softwood, 
Eucalyptus, and sawdust; and the pulp and paper products is solka floe. 

The present invention also relates to the methods of lignocellulosic hydrolysis 
as defined above, wherein the lignocellulosic substrate is characterized as having an E x 
of at least about 0.5, and an R x from about 45 to about 100. This invention also includes 
the above methods wherein the E r is from about 1 .0 to about 4.0, and the R x is from about 
60 to about 100. 

Also included within the present invention, is a method as defined above wherein 
the pretreated lignocellulosic substrate is present in the enzyme mixture at a 
concentration of about 1 wt% to about 25 wt% in aqueous slurry. Preferably, the 
lignocellulosic substrate is present in the enzyme mixture at a concentration of about 10 
wt% to about 1 6wt% in aqueous slurry. 

The present invention also pertains to a method for hydrolyzing cellulose to 
glucose comprising treating a pretreated lignocellulosic substrate characterized with an 
B 1 of from about 0.5 to about 4, with an enzyme mixture comprising cellulase enzyme 
with CBHI-type enzymes, wherein said CBHI-type enzymes comprise 20% to 100% 
CBHI-core. 

This invention also provide a method of converting cellulose within a cellulosic 
substrate into glucose comprising; treating a pretreated lignocellulosic substrate with an 
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enzyme mixture comprising CBH1 core and one or more of CBHI1 , CBHII, EG I 5 EG II, 
and P-glucosidase, wherein the CBHI core is present in the enzyme mixture at an amount 
relative to all CBHI-type enzyme of from about 1 5 to about 1 00%, Preferably the amount 
of CBHI core in the enzyme mixture is from about 50 to about 100%. More preferably 
the amount of CBHI core in the enzyme mixture is from about 80 to about 100%. 

Furthermore, the present invention embraces a method for converting cellulose 
to glucose comprising treating a pretreated lignocellulosic substrate with an enzyme 
mixture comprising CBHI-core plus linker, and one or more of CBHII , CBHII, EG I, EG 
II, and p-glucosidase wherein said CBHI-core plus linker is present in said enzyme 
mixture in an amount of about 50 % to about 100 %, relative to all CBHI-type enzymes. 
Preferably the amount of CBHI-core plus linker in the enzyme mixture is from about 70 
% to about 1 00 %. More preferably, the amount of CBHI-core plus linker in said enzyme 
mixture is from about 80 % to about 100 %. 

The present invention also provides a cellulase composition comprising modified 
CBHI and one or more of CBHI, CBHII, EG I, EG IT, and P-glucosidase, wherein the 
modified CBHI is present in the cellulase composition at an amount relative to all CBHI- 
type enzyme of from about 55 to about 100wt%. Preferably the modified CBHI is from 
about 70 to about 1 00wt%, and more preferably from about 80 to about 1 00wt%. The 
invention also includes the cellulase composition as just defined wherein the modified 
CBHI is a modified Trichoderma CBHI 

This invention embraces a cellulase composition comprising a CBHI type enzyme 
and one or more of CBHII, EG I, EG n, and P-glucosidase, wherein CBHI core is present 
in the cellulasae composition at an amount relative to all CBHI-type enzyme of from 
about 1 5 to about 1 00wt%. Preferably the CBHI core is from about 50 to about 1 00wt%, 
and more preferably from about 80 to about 100wt%. This invention also relates the the 
cellulase composition as just defined wherein the CBHI core is obtained from 
Trichoderma CBHI. 
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Also included in the present invention is a cellulase composition comprising 
modified CBHI and one or more of CBHII, EG I, EG II, and 0-glucosidase, wherein the 
modified CBHI is present in the cellulase composition from about 50 to about 90wt% 
relative to other cellulase enzymes. Preferably the modified CBHI is a modified 
Trichoderma CBHI, 

This summary does not necessarily describe all necessary features of the invention 
but that the invention may also reside in a sub-combination of the described features. 

BRIEF DESCRIPTION OF THE DRAWINGS 

These and other features of the invention will become more apparent from the 
following description in which reference is made to the appended drawings wherein: 

FIGURE 1 shows a graphical representation of the percentage conversion of cellulose 
to glucose using different pretreated lignocellulosic substrates and varying 
amounts of CBHI and CBHI core protein. Figure 1A shows hydrolysis of 
pretreated washed com stover using increasing amounts of either CBHI or CBHI 
core. Figure 1 B shows the conversion of pretreated oat hulls after three hours of 
incubation using various mixtures of CBHI and CBHI core protein. Figure 1C 
shows a graphical representation of the percentage conversion of cellulose to 
glucose from pretreated poplar after three hours of incubation using various 
combinations of CBHI and CBHI core protein. 

FIGURE 2 shows a graphical representation of the effect of varying the concentration 
of cellulosic substrate within a reaction mixture. Figure 2(A) shows the 
hydrolysis of cellulose to glucose using varying concentrations of 
SIGMACELL™. Figure 2(B) show the hydrolysis of cellulose to glucose using 
varying concentrations of pretreated poplar. Figure 2(C) shows a summary of the 
data obtained from Figures 2(A) and 2(B) comparing the E x with varied 
concentration of substrate. 
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FIGURE 3 shows a graphical representation of the relationship between the relative rate 
of hydrolysis of CBHI core and CBHI, and the amount of CBHI core recovered 
from the reaction mixture. The high level of recovery of CBHI core is a direct 
result of the amount of CBHI core in solution in the reaction mixture. 



FIGURE 4 shows a graphical representation of the relationship of the activity of CBHI 
and CBHI core in cellulase enzyme mixtures comprising CBH II, EG1 
(endoglucanase I) and BG (p-glucosidase). 
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DESCRIPTION OF PREFERRED EMBODIMENT 

The present invention relates to the enzymatic conversion of cellulose to glucose. 
More specifically, the present invention provides a method for the conversion of 
pretreated lignocellulosic substrates using modified CBHI protein, and the recovery and 
reuse of the modifed CBHI protein. 

The following description is of a preferred embodiment by way of example only 
and without limitation to the combination of features necessary for carrying the invention 
into effect. 

It is well known in the art that cellulose in many lignocellulosic materials may not 
be readily hydrolysable by enzymes. Thus, it is preferred that the cellulosic substrate for 
enzymatic hydrolysis as described herein be pretreated prior to being treated with 
enzymes. 

There are a number of pretreatment processes known in the art that employ 
thermal, mechanical, chemical, or combinations of these methods to disrupt the fiber 
structure of cellulosic substrates and which enhance subsequent enzymatic hydrolysis of 
the cellulosic substrate. Any pretreatment process which enhances the enzymatic 
hydrolysis may be employed in combination with the method of the present invention. 
For example, but not wishing to be limiting, the pretreatment process disclosed in U.S. 
4,461,648 or U.S. 4,237,226 (both of which are incorporated herein by reference) may 
be used, or any of the pulping processes known within the art (e.g. Rydholm S.A. 1985, 
Pulping Processes, Kreiger Pub. Co, which is incorporated herein by reference), including 
kraft, sulfite, mechanical, thermal, and chemi-thermal-mechanical pulping. Alternatively, 
pretreatment processes may also involve the addition of organic solvents to aid in the 
fractionation of lignin, cellulose and hemicellulose from lignocellulosic raw materials. 
These pretreatment processes may include but are not limited to those disclosed in U.S. 
3,932,307 which teaches impregnating raw lignocellulosic material with a solution of 
lignin-solubilizing reactant in an organic solvent and subsequently immersing the 
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impregnated material in a solvent that is neither soluble nor miscible with the reactant- 
containing solution with which the lignocellulosic material has been impregnated; U.S. 
4,826,566, which uses solvent mixtures such as Methylene glycol with arylsulfonic or 
other acids; U.S. 5,859,236 which teaches impregnating lignocellulosic material with an 
extraction liquor containing a glycol and Lewis acid; and U.S. 5,730,837 which teaches 
treating lignocellulosic material with a combination of alcohol, water and water 
immiscible organic solvent, for example, a ketone. 

A preferred pretreatment process is an acid-steam cook, as disclosed in U.S. 
4,461,648, wherein an acid, for example sulfuric acid from about 0 to about 5%, is added 
to a lignocellulosic substrate, and the acidified mixture is cooked for about 5 seconds to 
about 2 minutes, at a temperature of about 180 to about 250 °C. 

Without wishing to be bound by theory, it is thought that the pretreatment process 
enhances subsequent enzymatic hydrolysis of cellulose by increasing delignification, 
creating micropores in the cellulose, changing the crystalline form of the cellulose, 
reducing the polymerization of cellulose, increasing the surface area of cellulose, or 
combinations thereof. As a large portion of the cellulose within many types of cellulosic 
substrate is normally unaccessible for enzymatic conversion to glucose without 
pretreatment, the efficiency of the pretreatment phase can influence the efficiency and 
commercial application of enzymatically converting cellulose to glucose. 

By the term 'cellulosic substrate', it is meant any material comprising cellulose 
which maybe converted to glucose by enzymatic hydrolysis. The cellulosic substrate is 
preferably a pretreated lignocellulosic substrate, comprising at least about 10% lignin. 
For example, but not wishing to be limiting, the cellulosic substrate suitable for 
pretreatment may comprise: 

• agricultural residues (lignin content about 15%) such as, but not limited to com 
stover, wheat straw, barley straw, soybean stover; 
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• residues following starch or sugar removal, for example but not limited to, oat 
hulls, rice hulls, corn fibre, sugar cane bagasse, sugar cane pulp; 

• dedicated ethanol crops, such as, but not limited to switch grass, miscanthus, cord 
grass, rye grass; 

• forestry products, for example, but not limited to hardwood (e.g. poplar; lignin 
content about 25%), softwood (lignin content about 35%), Eucalyptus, and 
forestry residues, sawdust; and 

• other pretreated lignocellulosic substrates including pulp and paper products, for 
example but not limited to solka floe, 

or combinations thereof. Pretreated hardwood, or agricultural residues, including com 
stover, oat hulls barley straw or wheat straw cellulosic substrates produced by the method 
disclosed in U.S. 4,461,648 (which is incorporated herein by reference) are preferred 
lignocellulosic substrates. 

Enzymatic hydrolysis of cellulose may follow pretreatment directly, or 
alternatively, a number of steps may follow pretreatment and precede enzymatic 
hydrolysis of cellulose. For example, but not wishing to be limiting, pretreated cellulosic 
substrate maybe washed with water to remove chemicals, contaminants, or combinations 
thereof which could hinder the enzymatic conversion of cellulose to glucose. 

By "CBHI" it is meant a protein comprising a cellulose binding domain, linker 
region and a CBHI core region, or derivatives thereof, which digests a cellulose polymer 
from the reducing end and releases cellobiose. A non limiting example of a derivative 
of CBHI is phosphorylated CBHI. To date CBHI enzymes have been classified in Family 
7 and Family 48 and comprise a range of molecular weights. Preferably, the CBHI is 
obtained from Trichoderma. The Trichoderma reesei CBHI protein is of approximately 
65 kDa comprising a C-terminal cellulose binding domain, linker region and a CBHI core 
region and digests cellulose from the reducing end releasing cellobiose (Shoemaker 
1983). However, it is to be understood that CBHI protein may be obtained from other 
sources as well (Barr et al. 1 996, Biochemistry 35:586-592; Birch 1 998, Current Genetics 
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33:70-76; Henrissat 1998, Biochemical society transactions21(2):153-156; Henrissat and 
Bairoch 1996, Biochem. J. 316:695-696; Liman et al.1995, Enzyme and Microbial 
Technology 17:340-346; Parsiegla et al. 2000, Biochemistry 39:1 1238-1 1246; Schulein 
1997, Journal of Biotechnology 57:71-81; Shen et al., 1995, Biochem. J 311:67-74; 
Teeri et al.1997, Biochemical society transactions 26(2):173-178; all of which are 
incorporated herein by reference). 

By "CBHI core" it is meant the portion of CBHI comprising the catalytic domain 
of CBHI, and that is capable of hydrolyzing a cellulosic substrate as defined herein. For 
example which is not to be considered limiting in any manner Trichoderma CBHI core 
is approximately 56 kDa. CBHI core may be produced by proteolytic cleavage of the 
CBHI protein using a suitable protease, for example but not limited to papain (for 
example, using the method of van Tillbeurgh et al. 1986; Offordet al 1991; both of which 
are incorporated herein by reference). In this manner, a protease, for example but not 
limited to papain, may also be added to a crude enzyme mixture to produce CBHI core 
within the mixture. In this embodiment, depending on the protease added, other core 
enzymes may also be produced. CBHI core may also be produced using recombinant 
technology, for example, using the method disclosed in U.S. 5,874,276. In this manner, 
CBHI and CBHI core may be co-expressed in the same host organism, or the host may 
be genetically modified so that native CBHI expression is reduced or eliminated, and 
supplemented or replaced, respectively, with recombinant CBHI core expression. It is 
to be understood that CBHI core also includes fragments or derivatives of CBHI core, 
including substitutions, deletions, insertions within the CBHI core sequence as would be 
known to one of skill in the art, providing that these fragments and derivatives exhibit 
CBHI core activity in that they are capable of hydrolysing cellulose. An non limiting 
example of a derivative CBH core is a phosphorylated CBHI core. It is also to be 
understood that CBHI core may be isolated from an organism wherein the CBHI protein 
does not comprise a cellulose binding domain or linker region. 

By the term "CBHI core plus linker" it is meant a fragment of a CBHI protein 
comprising CBHI core protein and the linker amino acid sequence, or a fragment thereof, 
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that joins the CBHI core protein to the CBD of the CBHI protein. The linker portion of 
the CBHI core plus linker may comprise any length of the amino acid sequence. Further, 
it is to be understood that CBHI core plus linker also includes fragments or derivatives 
of CBHI core plus linker, including substitutions, deletions, insertions within the CBHI 
core plus linker sequence as would be known to one of skill in the art, providing that 
these fragments and derivatives of CBHI core plus linker exhibit CBHI core activity. An 
non limiting example of a derivative CBH core plus linker is a phosphorylated CBHI core 
plus linker. It is also to be understood that CBHI core plus linker may be isolated from 
an organism wherein the CBHI protein does not comprise a cellulose binding domain. 

By the term "CBHI with inactive cellulose binding domain" it is meant a protein 
comprising CBHI core, or CBHI core plus linker, and a cellulose binding domain (CBD) 
that has been inactivacted. Inactivation of a CBD may be performed by methods known 
in the art, for example but not limited to Linder et al. (Linder et al., 1995, Protein 
Science,4; 1056-1064; and Linder etal., 1999, FEBS Letters 447, 13-16 which are herein 
incorporated by reference). An inactivated CBD results in a reduced capacity of the CBD 
to bind cellulose when compared with the binding activity associated with a 
corresponding wild type CBHI and assayed under identical conditions (for example, as 
described in binding studies by Linder et al., 1999, FEBS Letters 447, 13-16). Further, 
it is to be understood that CBHI with inactive cellulose binding domain also includes 
fragments or derivatives of CBHI including substitutions, deletions, insertions within the 
CBHI, linker, CBD, or a combination thereof, sequence as would be known to one of 
skill in the art, providing that these fragments and derivatives exhibit CBHI core activity, 
and exhibit a reduced capacity to bind cellulose. A non-limiting example of a derivative 
CBH with inactive cellulose binding domain is a phosphorylated CBHI with inactive 
cellulose binding domain. It is also to be understood that a CBHI with inactive cellulose 
binding domain may be isolated from an organism wherein the CBHI protein comprises 
a cellulose binding domain, however the CBD exhibits poor cellulose binding activity. 
A CBHI exhibiting poor cellulose binding activity exhibits less than about 70% of the . 
cellulose binding activity of a CBHI obtained from Trichoderma reesei using the same 
substrate. Preferably the CBHI exhibiting poor cellulose binding activity exhibits less 
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than about 50% of the cellulose binding activity of Trichoderma reesei CBHI. A range 
of CBHI enzymes are known in the art and include but are not limited to those disclosed 
inBarr et al.(1996, Biochemistry 35:586-592), Birch (1998, Current Genetics 33:70-76), 

* 

Henrissat (1 998, Biochemical society transactions2 1 (2) : 1 53 - 1 56), Henrissat and Bairoch 
(1996,Biochem. J. 316:695-696), LimanetaL(1995, Enzyme andMicrobial Technology 
17:340-346), Parsiegla et al.( 2000, Biochemistry 39:11238-11246), Schulein (1997, 
Journal of Biotechnology 57:71-81), Shen et al., (1995, Biochem. J 311:67-74), and 
Teeri et al.(1997, Biochemical society transactions 26(2): 173-178; all of which are 
incorporated herein by reference). 

By "modified CBHI" it is meant a protein comprising either CBHI core, CBHI 
core plus linker, CBHI with inactive cellulose binding domain, or a combination thereof. 
A modified CBHI protein is characterized as having CBHI core activity, along with a 
reduced, or no, cellulose binding activity. 

As described in more detail below, it has been observed that on several pretreated 
lignocellulosic substrates, the rate of hydrolysis using a modified CBHI protein, for 
example but not limited to CBHI core, is equivalent, or in some cases exceeds the rate 
of hydrolysis observed using CBHI. This is counter to previous reports where CBHI is 
disclosed as being much faster than CBHI core on pure cellulose. Without wishing to be 
bound by theory, it is possible that the equivalent activities between CBHI and CBHI 
core, or other modified CBHI proteins, on pretreated lignocellulose maybe due to the fact 
that lignocellulosic substrates that have been pretreated, have a large surface area, and 
this increases access to the modified CBHI protein, such as the CBHI core protein, to 
digest the substrate. It will be readily appreciated by one of skill in the art, the results 
observed with CBHI core may also be obtained using modified CBHI as defined herein, 
comprising either CBHI core plus linker, CBHI with inactive cellulose binding domain 
or a combination thereof 

Furthermore, it has also been observed that by increasing the concentration of 
cellulose substrate, modified CBHI, for example but not limited to CBHI core, converts 
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cellulose more quickly (see Figures 2 (A) and (B)). Without wishing to be bound by 
theory, an increased concentration of substrate may reduce migration times of the 
modified CBHI protein within the reaction mixture thereby increasing the hydrolysis rate 
of the substrate. 

The benefits associated with the use of modified CBHI, for example but not 
limited to CBHI core, or mixtures of enzymes comprising the CBHI core protein, over 
that of just CBHI, include the increased ability to recover the modified CBHI from the 
reaction mixture (especially when compared with CBHI) following digestion (e.g. see 
Table 3, Example 1, and Figure 3). Furthermore, with some substrates, there is a higher, 
or more rapid conversion of the lignocellulosic substrate to glucose using modified 
CBHI, for example but not limited to CBHI core, when compared with CBHI, thereby 
reducing costs associated with re-introducing new enzyme into the hydrolysis mixture, 
and reducing enzyme usage. 

In some instances, depending upon the cellulosic substrate to be hydrolysed, it 
may be desirable to use modified CBHI - CBHI mixtures, for example which is not to 
be considered limiting in any manner CBHI core - CBHI mixtures, to optimize hydrolysis 
of the substrate (Figures IB and C) . In these circumstances, cost savings may also be 
achieved due to recovery of the modified CBHI protein and increased reaction rates, since 
there is only a partial loss of added enzyme, and increased activity permits the use of less 
enzyme or reduced reaction times. 

To practice the invention, the enzymatic hydrolysis of cellulose is carried out 
using a cellulase enzyme mixture. Those skilled in the art are aware that an efficient 
cellulase mixture contains CBHI-type, CBHII-type, EG, j3-glucosidase, and other 
enzymes as required to effect the full range of necessary hydrolysis reactions. The skilled 
practitioner is also aware that the term "CBHI-type" encompasses the holo enzyme. The 
Trichoderma CBHI has a molecular weight of about 65 Kd comprising the CBHI core, 
linker, and cellulose binding domain regions. "CBHI-type" also includes: 
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• CBHI-core protein, for example in the case of Trichoderma, having a molecular 

weight of about 56 Kd, 
• CBHI-core protein with linker attached ("CBHI core plus linker"), with molecular 
weight in the case of Trichoderma of about 60 Kd, 

• phosphorylated CBHI, having for example in Trichoderma, a molecular weight 
of about 65 Kd, 

• isolated CBHI CBD (cellulose binding domain), 

as well as various forms of different degrees of glycosylation and other structural features 
that occur in small amounts. It is also to be understood that CBHI-type enzyme may also 
include modified CBHI as described herein, including CBHI with inactivated cellulose 
binding domain. 

In the context of the present invention, the CBHI-type enzymes are preferably at 
least 20% modified CBHI, for example but not limited to CBHI-core protein. The 
proportion of modified CBHI protein can account for up to 100% of the total CBHI-type 
enzyme present. 

The determination of the percentage of modified CBHI, for example but not 
limited to CBHI core, within the CBHI-type enzymes is carried out using a capillary 
isoelectric focusing (CIEF) electrophoresis. The method of CIEF electrophoresis is 
described in Example 4. 

The invention is practiced in a hydrolysis system where the efficiency index E x 
is greater than 0.5. The efficiency index, E l5 which is measured using the procedures of 
Example 1, is the ratio of the rate of hydrolysis of modified CBHI, for example but not 
limited to CBHI-core, to that of intact CBHI where: 

B x = [modified CBHI activity]/[CBHI activity]. 

The determination of E r is made at a constant substrate concentration, and is made using 
a comparable basis of enzyme, for example, on a per mg protein basis. For the 
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determination of E r as disclosed herein, a substrate concentration of 2% cellulose, and 
lOing of protein was used. The present invention contemplates using lignocellulosic 
substrates characterized by having an E r of about 0.5 to about 4.0. A preferred Ej is 
from about 0,7 to about 2.0. More preferably, the Ej is from about 0.8 to about 1 .5. 

As described herein, on pretreated lignocellulosic substrates, 1^ has a value close 
to or even exceeding unity. This suggests that modified CBHI, for example but not 
limited to CBHI-core can hydrolyze these materials as rapidly or more rapidly than CBHI. 
This finding is in direct opposition to teachings in the literature where the rate of CBHI 
is much more rapid than CBHI-core (e.g. Kim, 1997; Van Tilbeurgh et ah, 1986, 
Nidetsky et al, 1994). 

In an aspect of an embodiment of the present invention, modified CBHI, for 
example but not limited to CBHI-core protein, is recovered and reused after the 
hydrolysis. The methods one can use for recovering and reusing soluble proteins are well 
known in the art and can be applied to any modified CBHI, for example CBHI-core. 
These methods involve separating the insoluble solids residue from the hydrolysis liquor, 
and sending the hydrolysis liquor back to fresh (unhydrolyzed) substrate. Alternatively, 
the enzyme can be removed from the hydrolysis liquor by precipitation, for example, but 
not limited to pH, salt, temperature precipitation, extraction, for example but not limited 
to solvent extraction, or filtration, for example, but not limited to ultrafiltration, and 
added back to the hydrolysis. In the case of enzyme removal using ultrafiltration, a 
preferred membrane has a MW cut off of about 1 ,000, to about 20,000. More preferably, 
the cut off is from about 5,000 to about 10,000. 

. Therefore, the present invention provides a method of converting cellulose to 
glucose comprising treating apretreated lignocellulosic substrate with an enzyme mixture 
comprising cellulase enzyme and a modified CBH I, wherein the modified CBHI is 
present in the enzyme mixture at an amount relative to all CBHI-type enzyme of from 
about 55 to about 100 wt% . Preferably the amount of modified CBHI in said enzyme 



WO 02/24882 PCT/CAO 1/0 1355 

- 19- 

mixture is from about 70 to about 1 00wt%. ore preferably the amount of modified CBHI 
in the enzyme mixture is from about 80 to about 100wt%. 

The present invention also provides a cellulase composition comprising modified 
CBHI and one or more of CBHI, CBHII, EG I, EG II, and p-glucosidase, wherein the 
modified CBHI is present in the cellulase composition at an amount relative to all CBHI- 
type enzyme of from about 55 to about 100wt%. Preferably the modified CBHI is from 
about 70 to about 100wt%, and more preferably from about 80 to about 100wt%. It is 
also preferred that the modified CBHI is a modified Trichoderma CBHI. 

According to another aspect of the present invention, there is provided a method 
for converting cellulose to glucose comprising treating a lignocellulosic substrate, with 
an enzyme mixture comprising CBHI, or a mixture comprising cellulase, and modified 
CBHI, for example but not limited to CBHI core protein. If a mixture of CBHI and CBHI 
core is used, the amount of CBHI or CBHI core in the enzyme reaction mixture is from 
about 10% to about 100% wt% of the CBHI and CBHI core protein (where CBHI + 
CBHI core comprise up to 100 wt % of the CBHI-type enzymes; see Figures IB and 1C), 
preferably the amount of CBHI or CBHI core is from about 20% to about 80% wt% of 
the CBHI and CBHI core protein within the reaction mixture. For example, which is not 
to be considered limiting in any manner, a suitable reaction mixture may comprise 
between about 20 wt% CBHI and about 80 wt% CBHI (of the CBHI and CBHI core 
protein). 

According to yet another aspect of the present invention, there is provided a 
method for converting cellulose to glucose comprising treating a cellulosic substrate with 
an enzyme mixture comprising CBHI and modified CBHI, for example CBHI core, as the 
only CBHI-type enzymes and one or more other cellulase enzymes, including CBEQI, EG 
I, EG II, and P-glucosidase, wherein the weight ratio of CBHI or CBHI core, as an 
example of a modified CBHI, in the enzyme mixture is in the range of from about 1 0% 
to about 1 00% wt% of the CBHI type. Preferably the amount of CBHI or CBHI core is 
from about 20% to about 80% wt%, of the CBHI type. In this embodiment, the CBHI 
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core maybe added to a cellulase mixture (comprising one or more of CBHI, CBHII, EG 

I , EG II, and P-glucosidase) produced by, for example, but not limited to, a filamentous 
fungi. Preferably, the filamentous fungi is Trichoderma. Similarly, CBHI core may be 
expressed by a host capable of producing a cellulase enzyme mixture (comprising CBHI, 
CBHII, EG I , EG II, and p-glucosidase). 

This invention embraces a cellulase composition comprising a CBHI type 
enzyme, for example obtained from Trichoderma, and one or more of CBHII, EG I, EG 

II, and p-glucosidase, wherein CBHI core is present in the cellulase composition at an 
amount relative to all CBHI-type enzyme of from about 1 5 to about 1 00wt%. Preferably 
the CBHI core is from about 50 to about 1 00wt%, and more preferably from about 80 
to about 100wt%. 

Also included in the present invention is a cellulase composition comprising 
modified CBHI and one or more non-CBHI enzymes, for example but not limited to 
CBHII, EG I, EG II, and p-glucosidase, wherein the modified CBHI is present in the 
cellulase composition from about 50 to about 90wt% relative to other cellulase enzymes 
as would be known to one of skill in the art. Other cellulase enzymes may include native 
enzymes in addition the enzymes listed above, for example but not limited to EG IH, or 
derivatives of native cellulase enzymes that exhibit cellulase activity including but not 
limited to CBHII, EG I, EGH, EG HI, or P-glucosidase. Preferably the modified CBHI 
is a modified Trichoderma CBHI. 

Also contempated by an aspect of an embodiment of the present invention, there 
is provided a method for converting cellulose to glucose using an enzyme mixture 
comprising CBHI, and a modified CBHI, for example CBHI core plus linker, and one or 
more other cellulase enzymes, including CBHII, EG I, EGH, and beta-glucosidase, 
wherein the weight ratio of CBHI core plus linker in the enzyme mixture is about 50% 
to about 100wt% of the CBHI-type enzymes. Preferably, the amount of CBHI core plus 
linker is about 70% to about 100 wt% of the CBHI-type enzymes. More preferably, the 
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amount of CBHI core plus linker is about 80% to about 100wt% of the weight of CBHI- 
type enzymes. 

If the modified CBHI includes CBHI with inactivated cellulose binding domain, 
then enzyme mixtures comprising CBHI with inactivated cellulose binding domain and 
one or more other cellulase enzymes, including CBHQ, EG I, EGII, andbeta-glucosidase, 
comprise a weight ratio of CBHI with inactive cellulose binding domain in the enzyme 
mixture is about 70% to about 100% of the CBHI-type enzymes. Preferably, the amount 
of CBHI with inactive binding domain is about 80% to about 100 % of the CBHI-type 
enzymes. 

Further contemplated by an aspect of an embodiment of the present invention, 
there is provided a method for converting cellulose to glucose using ah enzyme mixture 
comprising CBHI with an inactive cellulose binding domain. Inactivation of the CBHI 
CBD maybe accomplished using any suitable method as would be known within the art, 
for example but not limited to the method of Linder et al., (1995, cited above; which is 
herein incorporated by reference) or Linder et al., (1999, cited above; which is herein 
incorporated by reference). These references describe changes to single amino acids 
within the CBD of CBHI that result in partial or complete loss in the capacity for the 
CBD to bind cellulose. Other methods for inactivation of the CBD may include deletion 
of a portion of the CBD, or insertion of a peptide sequence within the CBD in order to 
disrupt CBD binding activity. 

Persons skilled in the art are aware that cellulose hydrolysis may occur under a 
variety of conditions. Preferably, cellulose hydrolysis is performed by cellulase enzymes 
in a slurry of water and cellulase comprising about 0,5% to about 15% cellulose at apH 
of about 4 to about 5 and at a temperature of about 50° C. These conditions are suitable 
for most cellulase enzymes. However, the present invention also contemplates 
hydrolysing cellulose under other conditions which may be better suited to a particular 
cellulase/CBHI core, CBHI-CBHI core, or other mixtures comprising modified CBHI as 
defined herein. Such conditions may be readily determined by one of skill in the art. 
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Any source of cellulase enzyme system may be used in accordance with the 
method of the present invention. Preferably, cellulase enzymes are from Trichoderma 
longibrachiatum, and Trichoderma reeseU or a combination thereof. Furthermore, the 
CBHI and modified CBHI, for example but not limited to CBHI core, proteins are also 
preferably obtained from T. longibrachiatum^ and T. reeseUox a combination thereof. 

The crude Trichoderma cellulase enzymes used as a basis for in the method of the 
present invention may be obtained directly through culture of the appropriate 
microorganism, or the enzymes may be purchased commercially (e..g from Iogen 
Corporation). CBHI core maybe obtained by expressing the appropriate genetic sequence 
in an suitable host cell, as is commonly performed in the art, and as described in US 
5 ,874,276 (which is incorporated herein by reference) or CBHI core may be prepared by 
enzymatic cleavage of CBHI as described above. Similarly, CBHI plus linker may be 
obtained by expressing a nucleotide sequence comprising the CBHI core and linker 
region, or via proteolytic cleavage of the holoenzyme. CBHI within inactive cellulose 
binding domain maybe obtained as described above, by expressing the appropriate gene 
sequence encoding an inactive CBD either through substitution, deletion or insertion, or 
as would be known by one of skill in the art. 

The skilled practitioner will realize that the amount of cellulase enzyme to be 
used in the hydrolysis of cellulose to glucose may be determined by the nature of the 
cellulosic substrate, the pretreatment process, the cost of the enzymes, the desired 
hydrolysis time, and the desired glucose yield from the cellulosic substrate. A typical 
enzyme dosage range is about 1 to about 50 Filter paper units (FPU) cellulase per gram 
cellulose for a period of time from about 3 to about 200 hours. In a preferred embodiment 
the cellulase enzyme dosage is from about 1 to about 10 FPU per gram cellulose. 

The skilled practitioner is aware that the cellulose concentration is chosen to 
accommodate the capabilities of pumps to handle and mix the solids. Depending on the 
material, a cellulose concentration of from about 1% to about 25% is used. However, as 
described herein, it has been observed that higher cellulose concentrations favour 
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hydrolysis using modified CBHI, for example but not limited to CBHI core (see Example 
3). A preferred concentration of cellulose within the reaction mixture is from about 1 0% 
to about 16%. A more preferred is a cellulose concentration of from about 12% to about 
16%. 

Figure 1, shows the percentage conversion of cellulose to glucose for apretreated 
lignocellulosic substrate, in this case pretreated washed corn stover, using various 
amounts of CBHI or CBHI core protein. The percent conversion of either pretreated 
lignocellulosic substrate after a three hour reaction, is greater with CBHI core protein 
than with the CBHI enzyme at enzyme concentrations between about 1 and about 10 mg 
enzyme per gram of cellulose. Similar results have also been observed for other 
pretreated lignocellulosic substrates, including but not limited to, oat hulls, corn stover, 
and wheat straw (results summarized in Figure 3). 

The effect of increasing the concentration of cellulosic substrate in the reaction 
mixture was also examined, and a sample of the results, using SIGMACELL™ or 
pretreated hardwood are presented in Figures 2(A), (B) and (C). In general, increased 
conversion from cellulose to glucose by CBHI core was observed, with increased 
concentration of the cellulosic substrate. As shown in Figure 2(C), the activity of CBHI 
typically exceeds that of CBHI core (ratio of CBHI core: CBHI <1) at low concentrations 
of substrate , however, at higher concentrations of substrate, CBHI core activity exceeds 
that of CBHI. These data also suggest that increased CBHI core activity (relative to 
CBHI activity) is observed at different substrate concentrations depending upon the 
substrate used. However, with all substrates tested, an increase in substrate concentration 
resulted in an increase in substrate conversion using CBHI core. In the case of 
SIGMACELL™, CBHI core activity exceeds holoenzyme activity at about 6 to about 7 
wt% substrate concentration, while on pretreated hardwood, this threshold is reached at 
about 3 wt% cellulose. However, it is to be understood that even though core activity 
exceeds holoenzyme activity at a certain substrate concentration depending upon the 
substrate, core protein is still active in more dilute cellulose solutions with a pretreated 
lignocellulosic substrate. Therefore, CBHI core may still be effectively used at lower 
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substrate concentrations, if desired. Consideration of the amount of CBHI core and 
substrate to be used will depend upon several variables of the reaction mixture including 
the reaction time, temperature of reaction, cellulosic substrate to be hydrolysed, etc., as 
would be known to one of skill in the art. 

Analysis of the adsorption of either CBHI or CBHI core to different cellulosic 
substrates (see Table 3, example 1) indicates that for most substrates, CBHI core can be 
effectively recovered, while CBHI is more readily retained by the substrate. The amount 
of CBHI core recoverable from a reaction mixture can be expressed as a "Recoverability 
Index" or "R^', where R x is a measure of the protein, in this case CBHI + CBHI core, in 
solution as a function of the total protein, i.e. CBHI + CBHI core added initially: 

Rj= [amount of protein in solution]/[total protein added initially] X 100 

The determination of R x is made at a constant substrate concentration, for example, as 
described herein, at 2% cellulose. Using pretreated hardwood (e.g. poplar) as the 
lignocellulosic substrate, at a 2% cellulose concentration, an R 2 of 96 is observed in 
reactions mixtures comprising 100% CBHI core. This indicates that about 96 % of the 
enzyme added is recoverable from the reaction mixture. In mixtures comprising 50% 
CBHI core and 50% CBHI, the R r is about 60, while in mixtures comprising 1 00% CBHI, 
the R x is about 24. These data are consistent with earlier reports that CBHI binds 
cellulose preferentially and is not easily removed from the substrate. 

The results presented in Figures 1 to 4 demonstrate that a variety of pretreated 
cellulosic substrates, preferably lignocellulosic substrates, are well suited for hydrolysis 
using CBHI core protein. In several instances, and under certain conditions, the absolute 
rate of hydrolysis is higher using CBHI core when compared to CBHI, even though the 
amount of CBHI core bound to the substrate at any given time is low, often less than 
about 10% (see Figure 3, where Rr^O). 
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Therefore, this invention is directed to the hydrolysis of cellulosic substrates using 
a modified CBHI, for example but not limited to a CBHI core protein, that is 
characterized by having a low tendency to bind to cellulosic substrates, but still exhibits 
high activity. 

The present invention also pertains to a method for the hydrolysis of a cellulosic 
substrate comprising adding a sufficient amount of modified CBHI, for example but not 
limited to CBHI core, to a cellulase enzyme mixture and allowing the reaction to proceed 
for a period of time sufficient to hydrolyze cellulose to glucose. 

The present invention provides for a method for the hydrolysis of a cellulosic 
substrate using mixtures of CBHI and CBHI core proteins, over a range of mixtures from 
about 20wt% CBHI core and about 80 wt% CBHI, to about 100 wt% CBHI core. 

With reference to Figure 1 A there is shown the percentage conversion of cellulose 
to glucose from washed corn stover after three hours of incubation with CBHI or CBHI 
core protein. There is an increase in the conversion of cellulose to glucose with increasing 
CBHI and CBHI core dosage. At all dosages, CBHI core reaches a higher conversion 
than CBHI. 

Referring now to Figures IB and C there is shown the percentage conversion of 
cellulose to glucose from pretreated oat hulls and hardwood, respectively, after three 
hours of incubation in the presence of various combinations of CBHI-CBHI core protein. 
The greatest conversion of cellulose to glucose is observed for a mixture of CBHI and 
CBHI core protein comprising about 20wt% CBHI and about 80 wt% CBHI core protein 
to about 80 wt% CBHI and about 20 wt% CBHI core. 

The results for hydrolysis of cellulose using modified CBHI, for example but not 
limited to CBHI core, or CBHI and CBHI core protein mixtures, described above, were, 
unless otherwise indicated, determined in assays comprising 2 % cellulose as a substrate. 
Results demonstrating the effectiveness of using CBHI core have been also obtained 
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using cellulose concentrations up to about 8 wt%, for agriculture residues, or up to about 
12%, for pretreated hardwood (e.g. see Figures 2A, B and C). Thus, the present invention 
contemplates using modified CBHI alone, for example but not limited to CBHI core, or 
mixtures of CBHI and modified CBHI protein, for example but not limited to CBHI core, 
to convert cellulose to glucose in mixtures wherein the initial cellulose mixture may 
comprise from about 0.5 wt% to about 15 wt% by weight cellulose. Preferably, the 
concentration of cellulose is from about lwt % to about 12 wt%. More preferably, the 
corresponding lignocellulosic substrate, which is about 50 % cellulose, is present in the 

i 

enzyme mixture at a concentration of about 2 wt % to about 25 wt %. 

With reference to Figure 3, there is shown a summary of the activities of CBHI 
and modified CBHI, in this example, CBHI core, on different lignocellulosic substrates, 
and the recoverability of these proteins from these substrates. Figure 3 compares R x and 
E x values for a range of different substrates. Three classes of substrates can be identified 
from the data presented in Figure 3: 

1) a substrate class characterized as having a low R x and a low E x (positioned in the 
lower lefthand quadrant of the graph; "substrate class one"). An example of such 
a substrate is Sigmacell™ with an R x of about 36, and an E r of about 0.1, 
demonstrating that the rate of CBHI is much greater than that of CBHI core, and 
that the recoverability of CBHI core is low; 

2) a substrate class characterized as having an intermediate R x , from between about 
45 and 75, and an E l greater than about 0.75 (class positioned in the mid-range of 
the graph; "substrate class two"). Examples of these substrates include wheat 
straw with an R! of about 64, and anE l of about 1.1, demonstrating that the rate 
of CBHI core is approximately equivalent to that of CBHI, and that the 
recoverability of CBHI core is greater than about 50%; and, 

3) a third substrate class characterized as having an RI greater than 75, and an B 1 
greater than 1 ("substrate class three"). Examples of this substrate class include 
oat hulls (an R x of about 98, and an E x of about 0.75), corn straw (an R x of about 



WO 02/24882 



PCT/CA01/01355 



-27- 

98, and an Ej of about 1.1), H60 (an R T of about 96, and an Bj of about 1.1), and 
solka floe (an R T of about 97, and an Ej of about 3.3). 

Referring now to Figure 4, there is shown results obtained from hydrolysis of 
pretreated oat hulls by cellulase mixtures comprising CBHI or modified CBHI, for 
example but not limited to CBHI core. The cellulase mixture comprising modified CBHI 
exhibits similar results to mixtures comprising CBHI, suggesting that modified CBHI is 
effective in hydrolysing cellulase mixtures. Further, modified CBHI, for example but not 
limited to CBHI-core may be more easily recovered than CBHI, and this attribute may 
advantageous in cellulose hydrolysis. 

Therefore, the present invention is directed to a method for the hydrolysis of a 
lignocellulosic substrate, using modified CBHI, for example but not limited to CBHI 
core, or modified CBHI - CBHI mixtures, where the substrate is characterized as being 
a substrate class two or three substrate. Furthermore, this invention is directed to a 
method of lignocellulosic hydrolysis wherein the substrate is characterized as having an 
E r of at least about 0.75, and an R x from about 45 to about 100. Preferably, the substrate 
is characterized as having an Ej of greater than about 1 .0, and an R x of greater than about 
60. More preferably, the E t is from about 1 .0 to about 4.0, and the Rj is from about 60 
to about 100. 

The present invention also pertains to a method for the hydrolysis of a 
lignocellulosic substrate wherein the substrate is characterized as having an R x of from 
about 45 to about 98. Preferably, the R x is from about 60 to about 98. More preferably, 
the R! is from about 80 to about 98. 

The present invention also embraces a method for the hydrolysis of a 
lignocellulosic substrate wherein the substrate is characterized as having an B l of from 
about 0.75 to about 4.0. Preferably, the E x is from about 0.9 to about 4.0. More 
preferably, the E x is from about 1 to about 3.6. 
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The above description is not intended to limit the claimed invention in any 
manner. Furthermore, the discussed combination of features might not be absolutely 
necessary for the inventive solution. 

The present invention will be further illustrated in the following examples. 
However, it is to be understood that these examples are for illustrative purposes only, and 
should not be used to limit the scope of the present invention in any manner. 

Example 1. Hydrolysis of cetlulosic materials by CBHI and CBHI-core and 
determination of Ei 

The substrates used are listed in Table 1, and enzymes were prepared as follows. 
Table 1 : Cellulose Substrates 



Substrate 


Cellulose (%) 


Source 


SigmaCell 


100 


Sigma Chemical Co. 


Solka floe 


92 


Fibre Sales & Dev. Corp. 


Pretreated wheat straw 


45 


logen* 


Pretreated corn stover 


55 


logen* 


Pretreated poplar 


53 


logen* 


Pretreated oat hulls 


55 


Iogen* 



* as per US 4,461,648; pretreatment process involved adding sulfuric acid from about 0 
to about 5%, to a lignocellulosic substrate, and the acidified mixture cooked for about 5 
seconds to about 2 minutes, at a temperature of about 180 to about 250 °C. 

Purified CBHI was obtained from a crude Trichoderma cellulase broth by first 
filtering the broth through glass microfiber filter paper. The cellulase liquid was then 
dialyzed using a 10,000 MW cut off membrane in order to lower its conductivity to 
12,000jiS. The CBHI was enriched by loading 190 mg protein /mL resin onto pH 6 
DEAE Sepharose ion exchange resin. The other components were desorbed from the 
resin before CBHI, by running 50mM phosphate, 25mM NaCl buffer at a conductivity 
of 9,000|LiS through the column. The CBHI was desorbed by running 50mM phosphate, 
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300 mM NaCl buffer at a conductivity of 30,000|iS through the column. The CBHI was 
then concentrated by ultrafiltration and its purity was accessed by a LKB Bromma iso- 
electrofucussing electrophoresis unit. 

CBHI-core protein was obtained from CBHI by a Quest papain digestion of the 
pure component at a dosage of 0.05 g papain/g protein for 2 days. The digest pH and 
temperature were 4.5 and 37 °C respectively. The digest was then filtered through glass 
mierofiber filter paper. The purity of the CBHI is then determined by a LKB Bromma 
isoelectrofocussing electrophoresis unit. 

The hydrolysis mixtures weighed a total of 10 grams. The amount of substrate 
added was such that 0.2 grams of cellulose was present. In addition, Neodox 23-6 
surfactant (4 mg/gram cellulose) was added, along with 80 IU of No vozyme 188 beta- 
glucosidase, which has a stock activity of 1444 units per milliliter. The surfactant and the 
beta-glucosidase control foaming and cellobiose formation, respectively. The mixture 
was brought to a total of 1 0 grams (excluding CBHI or CBHI-core) with 50 mM sodium 
citrate buffer, pH 4.8 . The CBHI or CBHI-core dosage was 10 mg protein per gram 
cellulose. 

The mixtures were incubated at 50 C with shaking at 250 RPM for three hours. 
At this time, a sample of the mixture was taken and filtered through glass mierofiber filter 
paper. The concentration of glucose in the sample was measured by YSI Glucose 
Analyzer, of Yellow Springs Instruments, Yellow Springs, Ohio. The glucose 
concentration is expressed as a percentage conversion of the cellulose in the substrate. 
The results of incubating the substrates of Table 1 with the above obtained enzymes are 
listed in Table 2. 

Table 2: Conversion of cellulose substrates using CBHI or CBHI core protein. 



Substrate 



Conversion (%) 
after 3 hr hydrolysis 



Ei 
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CBHI- 


CBHI 






core 






SigmaCell 


1.9 


4.5 


0.42 


Kim et al (1997) 






0.14* 


Van Tilbeurgh et al (1986) 






0.01* 


Nidetsky et al (Filter paper; 1994) 






0.44* 


Corn stover 


14.8 


13.6 


1.09 


Solka floe 


10.0 


2.9 


3.45 


Poplar 


6.9 


7.2 


0.96 


Oat hulls 


7.4 


9.2 


0.80 


Wheat straw 


9.8 


9.2 


1.07 



^estimated from reported rates of activity of CBHI and CBHI core. 

The efficiency index E t is the ratio of conversion by CBHI-core to CBHI under 
the conditions used in this example. At E x = 0, the CBHI-core is completely unable to 
hydrolyze the substrate. At E x between zero and unity, the rate of CBHI-core is lower than 
the rate of CBHI. At E r = 1 , the rate of CBHI-core is the same as CBHI. At E l > 1 , CBHI- 
core is more rapid than CBHI. 

For SigmaCell, the E l is 0.42 (see Figure 3). This is consistent with the results of 
Van Tilbeurgh et al (1986), Kim et al, (1997) and Nidetsky et al (1994), all of whom 
reported much slower rates of hydrolysis by CBHI-core than by CBHI that correspond 
to low ratios of CBHI core activity : CBHI activity. This is similar to a low E I? although, 
the procedures are not the same as those used for E r determination. 

Surprisingly, on the other substrates, Ej is between 0.8 and 1.09, except Solka 
floe, which was hydrolyzed with an E x of over 3 (Figure 3). 

The amount of protein in solution was measured for several of the substrates, after 
three hours of hydrolysis. This measurement was done by a Biorad protein assay using 
Iogen cellulase (90g/L) as a standard. The results are shown in Table 3. 

Table 3: Recovery of protein from solution following hydrolysis 
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Substrate Protein in solution (%) 





CBHI 


CBHI-core 


Corn stover 


56 


98 


Oat hulls 


51 


97 


Solka floe 


44 


99 


Poplar 


24 


96 



The amount of CBHI-core in solution is very high, well over 90% of the total 
protein. The amount of CBHI in solution is much less. Therefore, CBHI-core offers the 
opportunity to be recovered and reused, with a rate of hydrolysis virtually as rapid as 
CBHI. 

Example 2: Hydrolysis of pretreated poplar by blends of CBHI and CBHI-core 

The procedures of Example 1 were repeated, except the CBHI-core and CBHI 
were used in mixtures. The blends of CBHl/CBHI-core were 0/1 00, 20/80, 40/60, 60/40, 
80/20, and 100/0, as a percent of total protein. The total protein was 10 mg per gram 
cellulose. 

The results for pretreated oat hulls as a substrate are shown in Figure IB, and for 
pretreated hardwood (poplar), are presented in Figure 1C. Surprisingly, the blends of 
CBBO/CBHI-core of 20/80, 40/60, 60/40, and 80/20 outperform CBHI alone (1 00/0). This 
suggests a synergy exists between CBHI and CBHI-core. The optimum mixture, about 
50/50, is 20% more efficient than CBHI itself. 

Example 3: Hydrolysis at various cellulose concentrations. 

The procedures of Example 1 were repeated, except the cellulose concentration 
was 0.5%, 2%, 5%, and 10%. 
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The results are shown in Figure 2. As the cellulose concentration is increased, the 
E x values increase on SigmaCell (Figure 2A), and poplar (Figure 2B). High cellulose 
concentration favors CBHI-core in hydrolysis (Figure 2C) . 

Example 4: Method for determination of modified CBHI proteins as a percentage 
of all CBHI-type enzyme. 

4 

I 

A PAGE Beckman MDQ capillary electrophoresis instrument in the capillary 
isoelectric focusing mode (CIEF) was used to determine the amount of CBHI core, CBHI 
core plus linker, phosphorylated CBHI, and ho lo enzyme in a sample of CBHI obtained 
from Trichoderma. CIEF is a two step process involving 1) focusing, and 2) 
mobilization. A 10|j,L sample of 10% protein is mixed with 200 \\L of neutral ampholite 
and injected in a capillary. A pH gradient (from pH 3-10) is created by the ampholytes 
under the influence of an electric field. The proteins migrate in the direction opposite 
their charge until they reach a neutral state where they are focused. This is followed by 
a low pressure mobilization (at 0.8psi) of the proteins where they are scanned by a UV 
detector at 280nm. An electropherogram is generated showing peaks corresponding to 
absorbance readings at particular migration times. By using protein standards, different 
peaks can be identified according to known pi values. 

Under these conditions, Trichoderma CBHI exhibits a typical migration time of 
about 22.1 min, Trichoderma CBHI core plus linker a migration time of about 22.5 
minutes, Trichoderma CBHI core a migration time of about 24.7 min, and Trichoderma 
phosphorylated CBHI of about 23 minutes. These migration times can vary by about ±2 
minutes and are routinely checked using standards. The concentration of the proteins is 
determined from the area of the peaks corresponding to the proteins, for example as 
indicated in Table 4. 



Table 4 



Composition of Trichoderma CBHI 
in prior art Cellulase Enzymes 



components 
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Cellulase 


Total CBHI- 

type (%) 


% 


% 


% 

• 


% 


Iogen 
uenuiase 




CBHI 


CBHI-core 


CBHI-core 

piUo liiuvcr 


phosphorylated 




1A ^ 
/ H, D 


70 


4 7 


194 




230-812 


74.5 


36.7 


11.9 


39 


12.4 


230-799 


70.3 


56.7 


9.4 


22.9 


11 


230-685 


70.8 


73.1 


6.3 


16.3 


4.4 


230-330 


72.4 


65.2 


7 


24 


3.7 



Example 5: Hydrolysis of Pretreated Oat Hulls by Cellulase Mixtures comprising 
CBHI Core 

Samples of 0.226 grams of steam-pretreated oat hulls (dry basis) are suspended 
in 50 mM sodium citrate buffer plus 0.5% sodium benzoate, pH 5.0, to a total weight of 
2.5 grams in 15 mL centrifuge tubes. The suspension constituted 5% cellulose. To one 

i 

set of tubes, a mixture of CBHI-core along with CBHII, EGI, and beta-glucosidease is 
added. The relative amounts of CBH17CBHII7EGI are 60%/20%/20%, respectively. In 
addition, Novozym 188 Beta-glucosidase is added at a concentration of 125 BG units per 
gram cellulose. To a second set of tubes, CBHI-core is replaced with CBHI, with the rest 
of the mixture unchanged. The total enzyme dosages is between 12 and 95 mg per gram 
of cellulose, excluding the beta-glucosidase. The flasks are incubated at 50° C, and 
shaken for 24 hours. At this time, samples are taken and analyzed for residual cellulose 
concentration. The cellulose concentration is determined by centrifuging the slurry, 
washing with water, and suspending in 82% sulfuric acid to obtain a net sulfuric acid 
concentration of 70%. The slurry is incubated at 40° C for 30 minutes, followed by 
diluting in deionized water to 2% sulfuric acid. At this time point, the samples are steam- 
autoclaved at 121° C for 1 hour, to convert the oligomers to monomelic glucose. The 
glucose concentration is measured and is compared to the initial cellulose concentration 
to determine the percentage cellulose conversion. 
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Results obtained from hydrolysis of pretreated oat hulls by cellulase mixtures 
comprising CBHI core are shown in Figure 4. The cellulase mixture comprising CBHI- 
core exhibits the same results to mixtures comprising CBHI, demonstrating that CBHI- 
core is effective in hydrolysing cellulose using cellulase mixtures. Further, as CBHI-core, 
or any other modified CBHI enzyme, may be recovered following cellulose hydrolysis, 
modified CBHI may be recycled and reused reducing costs associated with glucose 
production. 

All citations are herein incorporated by reference. 

The present invention has been described with regard to preferred embodiments. 
However, it will be obvious to persons skilled in the art that a number of variations and 
modifications can be made without departing from the scope of the invention as 

» a 

described herein. 
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THE EMBODIMENTS OF THE INVENTION IN WHICH AN 
EXCLUSIVE PROPERTY OR PRIVILEGE IS CLAIMED ARE DEFINED AS 
FOLLOWS: 

1 . A method of converting cellulose to glucose comprising treating a pretreated 
lignocellulosic substrate with an enzyme mixture comprising cellulase enzyme and a 
modified CBH I, wherein said modified CBHI is present in said enzyme mixture at an 
amount relative to all CBHI-type enzyme of from about 55 to about 100 wt%. 

2. The method of claim 1 wherein said amount of modified CBHI in said enzyme 
mixture is from about 70 to about 100wt%. 

3. The method of claim 1 wherein said amount of modified CBHI in said enzyme 
mixture is from about 80 to about 100wt%. 

4. The method of claim 1, wherein said modified CBHI is selected from the group 
consisting of CBHI core, CBHI core plus linker, CBHI with inactivated cellulose binding 
domain, and a combination thereof. 

5. A method of converting cellulose within a cellulosic substrate into glucose 
comprising treating a pretreated lignocellulosic substrate with an enzyme mixture 
comprising modified CBHI and one or more of CBHI, CBHII, EG I,EG II, (3-glucosidase, 
wherein said modified CBHI is present in said enzyme mixture at an amount relative to 
all CBHI-type enzyme of from about 55 to about 100wt%. 

6. The method of claim 5, wherein said amount of modified CBHI in said enzyme 
mixture is from about 70 to about 100wt%. 

7. The method of claim 6, wherein said amount of modified CBHI in said enzyme 
mixture is from about 80 to about 100wt%. 



WO 02/24882 



PCT/CA01/01355 



-37- 

8. The method of claim 5, wherein said modified CBHI is selected from the group 
consisting of CBHI core, CBHI core plus linker, CBHI with inactivated cellulose binding 
domain, and a combination thereof. 

9. The method of claim 1, wherein said modified CBHI is recovered following said 
step of treating. 

1 0. The method of claim 9, wherein said modified CBHI is reused following said step 
of recovery. 

1 1 . The method of claim 5 , wherein said modified CBHI is recovered following said 
step of treating. 

12. The method of claim 11, wherein said modified CBHI is reused following said 
step of recovery. 

13. The method of claim 1, wherein said pretreated lignocellulosic substrate is 
selected from the group consisting of agricultural residues, residues after starch or sugar 
removal, dedicated ethanol crops, forestry products, and pulp and paper products or 
combinations thereof. 

14. The method of claim 1 3 wherein: 

said agricultural residues are selected from the group consisting of corn stover, 
wheat straw, barley straw, and soybean stover; 

said residues after starch or sugar removal are selected from the group consisting 
of oat hulls, rice hulls, sugar cane bagasse, and corn fibre; 

said dedicated ethanol crops are selected from the group consisting of switch 
grass, miscanthus, cord grass, and rye grass; 

said forestry products are selected from the group consisting of hardwood, 
softwood, Eucalyptus, and sawdust; and 

said pulp and paper products is solka floe. ' 
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15. A method of converting cellulose to glucose comprising treating a pretreated 
lignocellulosic substrate with an enzyme mixture comprising cellulase enzyme and 
modified CBHI, for aperiodoftime sufficient to hydrolyze said cellulose; andrecovering 
said modified CBHI from said enzyme mixture. 

1 6. The method of claim 1 5, wherein said modified CBHI is selected from the group 
consisting of CBHI core, CBHI core plus linker, CBHI with inactivated cellulose binding 
domain, and a combination thereof. 

17. The method of lignocellulosic hydrolysis of claim 1 , wherein said lignocellulosic 
substrate is characterized as having an E x of at least about 0.5, and an R x from about 45 
to about 100. 

18. The method of claim 1 7, wherein said E l is from about 1 .0 to about 4.0, and said 
R x is from about 60 to about 1 00. 

19. The method of claim 1 wherein said pretreated lignocellolosic substrate is 
characterized as having an E r of from about 0.5 to about 4.0. 

20. The method of claim 19, wherein said E x is from about 0.7 to about 2.0. 

21. The method of claim 19, wherein said E x is from about 0.8 to 1.5. 

22. The method of claim 1 , wherein the pretreated lignocellulosic substrate is present 
in the enzyme mixture at a concentration of about 1 wt% to about 25 wt%. 

23. The method of claim 22, wherein said pretreated lignocellulosic substrate is 
present in the enzyme mixture at a concentration of about 10 wt% to about 16 wt%. 

24. A method for hydrolyzing cellulose to glucose comprising treating a pretreated 
lignocellulosic substrate characterized with an Ej of from about 0.5 to about 4, with an 
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enzyme mixture comprising cellulase enzyme with CBHI-type enzymes, wherein said 
CBHI-type enzymes comprise 20% to 100wt% modified CBHI. 

25 . The method of claim 24, wherein said modified CBHI is selected from the group 
consisting of CBHI core, CBHI core plus linker, CBHI with inactivated cellulose binding 
domain, and a combination thereof. 

26. The method of claim 24, wherein said step of recovery comprises using an 
ultrafiltration membrane. 

27. The method of claim 24 wherein said pretreated lignocellulosic substrate 
concentration is from about 10% to about 16wt%. 

28. The method of claim 24, wherein said pretreated lignocellulosic substrate is 
selected from the group consisting of agricultural residues, residues after starch or sugar 
removal, dedicated ethanol crops, forestry products, and pulp and paper products or 
combinations thereof. 

29. The method of claim 28 wherein: 

said agricultural residues are selected from the group consisting of corn stover, 
wheat straw, barley straw, soybean stover; 

said residues after starch or sugar removal are selected from the group consisting 
of oat hulls, rice hulls, sugar cane begass, and corn fibre; 

said dedicated ethanol crops are selected from the group consisting of switch 
grass, miscanthus, cord grass, and rye grass; 

said forestry products are selected from the group consisting of hardwood, 
softwood, Eucalyptus, and sawdust; and 

said pulp and paper products is solka floe. 

30. The method of claim 1, wherein said pretreated lignocellulosic substrate is 
pretreated using an acid steam cook. 
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31. A method of converting cellulose within a cellulosic substrate into glucose 
comprising; treating a pretreated lignocellulosic substrate with an enzyme mixture 
comprising CBHI type enzyme, and one or more of CBHH, EG I, EG H, and P- 
glucosidase, wherein CBHI core is present in said enzyme mixture at an amount relative 
to all CBHI-type enzyme of from about 15 to about 100wt%. 

32. The method of claim 3 1 , wherein said CBHI core in said enzyme mixture is from 
about 50 to about 100wt%. 

33. The method of claim 5, wherein said CBHI core in said enzyme mixture is from 
about 80 to about 100wt%. 

34. A method for converting cellulose to glucose comprising treating a pretreated 
lignocellulosic substrate with an enzyme mixture comprising cellulase enzyme and 
CBHI-core plus linker enzyme, wherein said CBHI-core plus linker enzyme is present in 
said enzyme mixture in an amount of about 50 % to about 100wt%, relative to all CBHI- 
type enzymes. 

35. The method of claim 34 5 wherein said amount of CBHI-core plus linker in said 
enzyme mixture is from about 70 % to about 100wt%. 

36. The method of claim 35, wherein said amount of CBHI-core plus linker in said 
enzyme mixture is from about 80 % to about 100wt%. 

37. A method for converting cellulose to glucose comprising treating a pretreated 
lignocellulosic substrate with an enzyme mixture comprising CBHI with an inactive 
cellulose binding domain. 

38. The method of claim 1 wherein said modified CBHI is a modified Trichoderma 
CBHI. 



WO 02/24882 



PCT/CA01/01355 



-41 - 

39. The method of claim 5 wherein said modified CBHI is a modified Trichoderma 
CBHL 

40. The method of claim 1 5 wherein said modified CBHI is a modified Trichoderma 
CBHI. 

4 1 . The method of claim 24 wherein said modified CBHI is a modified Trichoderma 
CBHL 

42. The method of claim 3 1 wherein said CBHI core is obtained from Trichoderma 
CBHL 

43. The method of claim 34 wherein said CBHI core plus linker is obtained from 
Trichoderma CBHL 

44. A cellulase composition comprising modified CBHI and one or more of CBHI, 
CBHII, EG I, EG II, and p~glucosidase, wherein said modified CBHI is present in said 
cellulase composition at an amount relative to all CBHI-type enzyme of from about 55 
to about 100wt%. 

45. The cellulase composition of claim 44 wherein said modified CBHI is from about 
70 to about 100wt%. 

46. The cellulase composition of claim 44 wherein said modified CBHI is from about 
80 to about 100wt%. 

47. The cellulase composition of claim 44 wherein said modified CBHI is a modified 
Trichoderma CBHL 

48. A cellulase composition comprising a CBHI type enzyme and one or more of 
CBHH, EG I, EG II, and p-glucosidase, wherein CBHI core is present in said cellulase 
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composition at an amount relative to all CBHI-type enzyme of from about 1 5 to about 
100wt%. 

49. The cellulase composition of claim 48, wherein said CBHI core is from about 50 
to about 100wt%. 

50. The cellulase composition of claim 48, wherein said CBHI core is from about 80 
to about 100wt%. 

5 1 . The cellulase composition of claim 48 wherein said CBHI core is obtained from 
Trichoderma CBHI. 

V 

52. A cellulase composition comprising modified CBHI and one or more of CBHII, 
EG I, EG H ? and p-glucosidase, wherein said modified CBHI is present in said cellulase 
composition from about 50 to about 90wt% relative to other cellulase enzymes. 

53. The cellulase composition of claim 52 wherein said modified CBHI is a modified 
Trichoderma CBHI. 

54. A cellulase composition comprising modified CBHI and at least one non-CBHI 
enzyme, wherein said modified CBHI is present in said cellulase composition from about 
50 to about 90wt% relative to other non-CBHI enzymes. 

55. The cellulase composition of claim 54 wherein said modified CBHI is a modified 
Trichoderma CBHI. 
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FIGURE 2B 
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FIGURE 2C 
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